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X-2 SAITO ET AL.: WHISTLER SCATTERING OF SUPRATHERMAL ELECTRONS

Abstract.  Solar wind observations sometimes show that suprathermal,
magnetic-field-aligned, strahl electrons have pitch-angle distributions which
become broader in width as electron kinetic energy increases. Magnetosonic-
whistler waves propagating sunward at k x B, = 0 where B, is the
background magnetic field and k is the wavenumber have a cyclotron res-
onance with electrons propagating in the anti-sunward direction. This res-
onance leads to pitch-angle scattering which increases strahl electron energy
perpendicular to B,. The strahl response to a broadband whistler fluctua-
tion spectrum was studied using Particle-In-Cell (PIC) simulations in a mag-
netized, homogeneous, collisionless plasma. The simulations show that en-
hanced whistler waves with finite damping lead to strahl distributions which
broaden in width with increasing kinetic energy, in agreement with certain
observations. Results from the simulations show how the strahl is broadened

as a function of wave amplitude and relative strahl density.
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SAITO ET AL.: WHISTLER SCATTERING OF SUPRATHERMAL ELECTRONS X-3

1. Introduction

Electron velocity distributions below 1keV in the solar wind are often observed to consist
of a cool dense core component (T ~ 10eV) and hotter, more tenuous suprathermals.
The core electrons have a nearly Maxwell velocity distribution due to particle-particle
collisions. Above the core/suprathermal breakpoint (typically between 60 to 80 eV),
particle-particle collisions are not so effective [Ogilvie et al., 2000] and the suprathermals
are often observed to be non-Maxwellian, consisting of two distinguishable components, a
halo and a strahl [Feldman et al., 1978]. The halo component is almost isotropic, whereas
the strahl component is anisotropic with a narrow pitch-angle distribution directed away
from the Sun along the background magnetic field B,.

The narrowness of the strahl is due to conservation of the first adiabatic invariant which
decreases the perpendicular speed of the electrons as they propagate away from the Sun
into regions of decreasing magnetic field. However, strahl widths are broader than the
widths which are predicted by this conservation. Collisional effects are not sufficient to
describe the broadened strahl distributions in the solar wind [Lemons and Feldman, 1983],
suggesting that wave-particle interactions are important to scatter such electrons.

The widths of strahl pitch-angle distributions vary with solar wind conditions. Pilipp et
al. [1987a, 1987b], using data from Helios 2, found a clear correlation between the strahl
width and magnetic structures in the solar wind. The strahl almost disappears at sector
boundaries of the interplanetary magnetic field, whereas in the interior of the sectors far

from boundaries, suprathermal electrons are extremely anisotropic and form a narrow
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strahl. They also suggest that particle-particle collisions are not sufficient to account for
the observations.

Crooker et al. [2003] studied suprathermals in more detail using Wind spacecraft data.
They showed that suprathermal electron anisotropy changes not only at magnetic field
sector boundaries, but also with small scale variations of plasma ( in the solar wind. They
also demonstrated that high 3 plasmas are correlated with more isotropic suprathermal
electrons, but they did not address possible sources of this correlation.

An observable property which provides insight into the processes responsible for strahl
broadening is the width of the pitch-angle distribution as a function of electron kinetic
energy. As demonstrated by Ogilvie et al. [2000], the scattering effectiveness of particle-
particle collisions decreases rapidly with electron energy above the core/suprathermal
breakpoint energy. Thus, collisional scattering alone should lead to strahl pitch-angle
distributions which become narrower as electron energy increases. Olgivie et al. [2000]
showed that the energy extent of this effect is a function of the average solar wind density,
but for average solar wind parameters, it is likely that the observations of such strahl
extending up to a few hundred eV [e.g., Feldman et al., 1978; Lemons and Feldman, 1983;
Pilipp et al., 1987a, b] are indicative of collisional scattering.

In contrast, both quasilinear models [ Vocks et al., 2005] and particle-in-cell simulations
[Saito and Gary, 2006] demonstrate that a broadband spectrum of whistler fluctuations
scatter suprathermal electrons with an efficacy that increases as electron kinetic energy
increases, leading to strahl pitch-angle distributions which increase in width with increas-
ing electron energy. More recent observations which extend to higher energies of the order

of a kilovolt show that strahl with such characteristic broadening can be measured in the
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solar wind [Olgivie et al., 2000; Vocks et al., 2005; Pagel et al., 2005, 2007]. And at still
higher energies above 1 keV, Lin [1998] reported observations of an isotropic superhalo,
apparently corresponding to complete pitch-angle scattering of the strahl.

One of the most likely scattering processes for suprathermal electrons is wave-particle
interactions with magnetosonic-whistler waves. Electron cyclotron wave-particle interac-
tions are the most effective when the electron velocity parallel to B, v, satisfies the

cyclotron resonance condition,
kHUH,e = w, + Q, (1)

where k), w,, and €2, are the wave number parallel to the background magnetic field, the
real frequency which is a function of k)|, and the electron cyclotron frequency, respectively.
A quasilinear theory which describes the interaction between solar wind electrons and
whistler fluctuations coming from the solar corona with the condition k x B, = 0 [Vocks
and Mann, 2003] indicates the formation of a strahl distribution with extremely narrow
pitch-angle width. The electrons scattered by the whistler waves are focused by the
mirror force of the decreasing magnetic field in interplanetary space. Vocks et al. [2005]
further introduce sunward propagating whistler waves into their quasilinear theory; these
fluctuations scatter the strahl, leading to a more isotropic distribution at higher energies.

There are, at least, two potential sources of enhanced whistler fluctuations in the so-
lar wind: wave-particle interactions and wave-wave interactions. The first can generate
magnetic fluctuations through electromagnetic instabilities, such as the whistler heat flux
instability and the whistler anisotropy instability. The whistler heat flux instability is
driven by a halo/core relative drift [Gary et al., 1975a,b]. Gary et al. [1999] hypothe-

sizes that the instability threshold derived from linear theory corresponds to an upper
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bound on the heat flux in the solar wind. However, by comparing the electron heat flux
with wave activity, Scime et al. [2001] used Ulysses data to conclude that the whistler
heat flux instability does not contribute to constraining the solar wind heat flux. The
whistler anisotropy instability driven by the core anisotropy 7', /7}; > 1 may also enhance
whistler waves; such anisotropic distributions may be driven by interplanetary shocks in
the solar wind. Saito and Gary [2006] used a Particle-In-Cell simulation to show that
whistler waves enhanced by the anisotropic distribution of core electrons can broaden the
low energy strahl. But the enhanced fluctuations are at wavenumbers too large to scatter
strahl electrons with relatively higher energies. Therefore, it appears that electromagnetic
instabilities do not strongly scatter the suprathermal electrons at relatively high energies.

Another potential source of enhanced whistler waves are magnetic fluctuations cascad-
ing through wave-wave interactions. At relatively low frequencies, the magnetic power
spectrum in the solar wind is often observed to have a power law dependence f~%/3 (e.g.
Smith et al., 2006a,b), which is referred to as the ”inertial range” of solar wind turbu-
lence. At higher wave frequencies, the power spectrum become steeper than in the inertial
range. If the wave energy reaches whistler frequencies through wave-wave interactions,
such fluctuations can scatter higher energy strahl electrons, as suggested by observations
[Pagel et al., 2007], quasilinear theory [ Vocks et al., 2005], and a self-consistent simulation
[Saito and Gary, 2006].

The quasilinear theory of Vocks and Mann [2003] and Vocks et al. [2005] uses non-
damped whistler waves to scatter strahl electrons. But there are two reasons why damping
of the waves is an important part of the scattering process. One is that damping limits

the energy of the resonant waves available for scattering, and the other is that damping
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introduces a broad width in the resonance velocity. The scattering should depend on the
amount of wave energy converted into electron kinetic energy, and the broad resonance
velocity function for damped waves should lead to a more realistic velocity distribution
rather than the sharp resonance velocity function associated with undamped fluctuations.

In order to understand the pitch-angle scattering process, fully self-consistent calcula-
tions are needed. We have done self-consistent particle-in-cell simulations to examine the
cyclotron resonance between whistler waves with a power law wavenumber dependence
and suprathermal electrons with narrow pitch-angle distributions. In particular, this
manuscript describes how such whistler fluctuation spectra broaden strahl pitch-angle

distributions as a function of both wave amplitude and strahl density.

2. Simulation model

To study the interaction between broadband whistler fluctuations and suprathermal
electrons, we use a three-dimensional, collisionless, relativistic particle-in-cell code. Pe-
riodic boundary conditions are imposed for all directions. We assume a collisionless,
electron-proton plasma. The electrons consist of three components, a cool and dense
Maxwellian core distribution denoted by subscript ¢, a tenuous and hot Maxwellian com-
ponent (subscript h), and a tenuous and anisotropic bi-Maxwellian strahl component
(subscript s) which has a drift velocity directed away from the Sun. Subscript e repre-
sents overall electron properties, for instance, n, = n. + nj, + n,. The proton density n,
is equal to n,.

The mass ratio m,/m. is equal to 1836. We choose 3, = 0.5, an appropriate average
value for the solar wind. The ratio of the electron plasma and cyclotron frequencies is

we/|S2| = 10.0. The proton temperature 7}, is equal to the electron core temperature 7,

DRAFT December 7, 2006, 5:27pm DRAFT



124

125

126

127

128

129

130

131

132

133

134

135

136
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and the both distributions are isotropic. The halo component is also isotropic but the
temperature is 10 times higher than core electrons, T}, /T, = 10. The parallel temperature
of the strahl is TH,s/Tc = 3, and the strahl is anisotropic T‘LS/TLS = 10, where subscripts
|| and L denote components parallel and perpendicular to the background magnetic field
B,. The strahl component has an average drift velocity in the antisunward negative
direction, vgs/v. = —2. To satisfy the zero electric current condition at ¢ = 0, the mean
velocity of core electrons is taken as vy, = —(nsvg,s)/n.. The electron component densities
are variables for the several simulations in this paper.

The computation time step is 0t = 0.05/w,. A grid size A corresponds to 0.1w./c (c is
the light velocity). The electron Debye length v./w, is equal to 0.5A. The background
magnetic field is along the x direction B, = (B,,0,0). The numbers of grids for each
direction are L, = 4096, L, = 3, and L, = 3.

Whistler fluctuations are imposed into the simulation at t=0. The electric and magnetic

fluctuation for the waves are
0B(z) = Z OB, [y sin(k,x + ¢,) + z cos(k,x + ¢y,)] (2)

0E(z) =Y 0E, [y cos(knx + ¢,) — zsin(k,z + ¢)] (3)

where 0B, is the amplitude of a magnetic fluctuation, and k, is the wavenumber of a
whistler wave propagating parallel to x direction. Here 0F, = (|w|/knc)0B,, and |w| =

\/w? + 2. The initial velocity perturbation for each species in response to each mode is

10,08 w—k Ud. i TL' TL'
SVjn| = |— =TT ~ (=L -0 ) 2 + (-1 4
5, ‘ Lo [( 4 (7 >) G+ -] @

where w, (;7,, and Z((},,) are obtained from linear dispersion theory.
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Figure 1 illustrates a velocity-space model of the interaction. We define the sunward
and the antisunward directions as positive and negative, respectively. At ¢ = 0 we impose
whistler fluctuations propagating at k x B, = 0 in the sunward direction. The contour
lines represent the electron velocity distribution, with the strahl component encircled by
the dashed line. Phase speeds of whistler waves with representative wavenumbers kg
and k; are indicated by straight dashed lines, and the two straight solid lines indicate
the corresponding cyclotron resonance velocities of the electrons. In order to satisfy the
resonance condition [equation (1)], the resonance velocity must be negative (antisunward)
when the whistler waves propagate in the positive (sunward) direction. Fluctuations with
smaller wavenumbers scatter electrons with higher velocities parallel to the background
magnetic field. In order to obtain the dispersion relations for the whistler waves, we use

linear Vlasov dispersion theory as discussed in section 3.

3. Linear theory and whistler fluctuations
The linear dispersion equation for electromagnetic fluctuations propagating in a colli-

sionless, homogeneous plasma is, at k x B, = 0,
w? = kK + kY S (kw) =0 (5)
J

where the sum is over each charged particle species or component j. We assume that the

velocity distribution of each component is a bi-Maxwellian,

2 2
I T,j]
2 2 N

n; Ty [
(v, v) = ———=5 =" exp |—
filoy v1) (2mv3)3/2 T
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where v; is a thermal velocity of each component j. The dimensionless conductivity [Gary,
1993] is

2

SE (k) w) = % [@-Z(gji) + (1 - %) %ﬁ] (7)

where Z(() is the plasma dispersion function, (i = (w — kjjvo; + Q;)/(V2]ky|v)), voy is
the average velocity parallel to the magnetic field for component j, and + indicates the
polarization of the fluctuations. Here we use ” +” to denote right-handed polarization.
Figure 2 shows whistler dispersion properties and C;’ derived from Equation (5) with
the parameters: (n.,ng,ns)/n. = (0.9,0.1,0.0) (left column) and (n.,np,ns)/ne =
(0.85,0.1,0.05) (right column). At long wavelengths, ck/w, < 0.1, there are few suprather-
mal electrons to resonate with the waves, so the damping is very weak in both cases. In
the case without the strahl component, n, = 0.0, the damping starts to increase at
ck/w. > 0.5, corresponding to |(| < 3, indicating the beginning of a cyclotron resonance
by the core component. Although |(;f] is always smaller than ||, the halo component
does not cause much damping of the whistler waves. The reason is that the halo is so
tenuous and hot that only a few particles can resonate with the waves. In the case with a
strahl component, there appears a clear difference in the damping rate, even though both
¢} and (' are almost the same as the other case. The damping begins at ck/w, > 0.2
where |([| starts to be less than 3. This clearly indicates that the strahl component causes

the damping onset for the whistler waves shown in the upper right-hand panel of Figure

2.
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4. Simulation results

In this section, we show simulation results for strahl scattering with imposed whistler
fluctuations. First, we show the scattering of a strahl component by a monochromatic
whistler wave, illustrating the basic interaction. Second, we impose an enhanced broad-
band spectrum of thirty whistler modes on the system. In the solar wind, magnetic power
spectra are continuous functions of frequency, so we use such a multimode spectrum to
make contact with observations. We study the dependence of strahl scattering on the

fluctuation energy and the relative strahl density n;/n..

4.1. Strahl electrons scattering by a monochromatic whistler wave

The first three simulations, Runs A, B, and C, address pitch-angle scattering by a
monochromatic whistler wave of successively shorter wavelength, as described in Table
1. The electron component densities are n./n, = 0.85, ny/n. = 0.1, and ns/n. = 0.05
in all three simulations. The other plasma parameters are as listed above. To calculate
the responses of all components with accuracy, we need to use many superparticles for
the tenuous halo and strahl components. We load the superparticles for electrons in the
simulations with the number densities N which are N, = 85, N, = 100, and N, = 100.

Figure 3 shows the electron velocity distributions at ¢|Q2.| = 0.0 (left) and 100.0 (right)
for the three cases, Run A (top), B (middle), C (bottom) respectively. At ¢|Q2.| = 0.0, the
strahl distribution for Run C is somewhat broader than the distribution for Run A, due
to the initial velocity perturbation [Equation(4)]. The figures show clear differences in the
strahl scattering among three cases, due to the differences in the resonance velocities for
the imposed whistler wave. From Equation (1) the resonance velocities for Runs A, B, and

C are v,es/v. = 12.774, 6.140, and 3.680, respectively. Even though the resonance velocity
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is far from the strahl distribution in the case of Run A, the distribution becomes somewhat
broader at ¢|€2.| = 100.0. In the case of Run B and C, the electrons are scattered not only
at each resonance velocity but also on a broad range of velocity space.

This broad range of scattering may be interpreted through the use of the electron
scattering factor derived in the Appendix. This factor is important in determining the
strength of the wave-particle interaction and the width of the scattering in resonant veloc-
ity. Figure 4 shows scattering factors of each wave in the three Runs. The dashed, solid,
and bold lines show this factor for Runs A, B, and C, respectively. The velocities where
peak values are located correspond to the resonance velocities derived from equation (1).
This figure shows that the scattering factor of the wave for Run A has a sharp distribu-
tion, and the wave resonates only with relatively high energy electrons. Therefore, the
strahl distribution in Run A shown in Figure 3 is only weakly scattered. In the other two
cases, as |(;| decreases, the damping rate increases, the width of the scattering factor
becomes broader and the strahl electrons are scattered by the whistler wave in a broader
range of velocity space. If the damping were neglected, the scattering factor would form
a very sharp distribution, like a delta function, and the whistler wave would only scatter
electrons with precisely the resonant velocity. These results indicate that inclusion of

self-consistent damping is very important for study of strahl scattering.

4.2. Strahl electrons scattering by a whistler wave spectrum
We next present results from simulations in which we use multiple modes to impose a
broadband power spectrum at ¢ = 0. The initial power spectrum is of the form

5B2 nmazx k‘nC —a
sy () ®)

n=1 We
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We choose o = 3, nmax = 30, kic/w, = 0.15339, and k3pc/w, = 0.59824 in all simulations
shown below. k, is defined as k, = ki + (n — 1)Ak, where Akc/w, = 0.0153396. Sp is
a variable which determines the total magnetic fluctuation energy. The other parameters
such as system size, plasma (3, etc. are same as those introduced in section 2.

Although these modes are discrete, almost all fluctuations have a nonzero damping
rate. It means that the electron scattering factor of each mode has a finite width in
v|, as shown in the above section. This implies that electron scattering by this discrete
fluctuation spectrum should emulate the consequences of scattering by the essentially
continuous power spectrum of magnetic fluctuations in the solar wind.

4.2.1. Strahl broadening as function of wave amplitude

This subsection describes results from four simulations in which the only initial param-
eter which is varied is the total energy of the initial magnetic fluctuations. We use an
electron distribution with (n., ny, ns)/ne = (0.85,0.10,0.05). The individual fluctuations
of the imposed whistler spectrum follow the dispersion relation and C;’ shown in the right-
hand side of Figure 2. Figure 5 shows contour plots of electron velocity distributions at
t|Q| = 0 and 100.0 in two cases, |6B|>/B2 = 0.005 and 0.01. In both cases, the strahl
component is clearly broader at ¢|Q.| = 100.0, and the stronger wave energy leads to
greater pitch-angle scattering.

Strong damping of the short wavelength whistlers depletes the energy in this part of the
spectrum. Figure 6 shows the wave spectra at t = 0 (solid lines) and ¢|€2.| = 100 for all
four cases. Open triangles, solid triangles, open circles, and solid circles show the spectra

with initial wave energies, |§B|?/B2 = 0.0025, 0.005, 0.01, and 0.02 respectively. The
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wave energy at ck/w, > 0.3 has been damped at late-times in all four cases, as predicted
by linear theory shown in the upper right-hand panel of Figure 2.

Note that the late-time power spectra in the short wavelength damped regime decrease
faster than any power law in wavenumber. This result is very similar to that obtained by
Li et al. [2001] using an analytic model for dissipation of turbulence. Figure 6 supports
the conclusion of Li et al. [2001] that short wavelength power law fluctuation spectra
observed in the solar wind are not necessarily indicators of turbulent dissipation.

Figure 7 shows electron pitch-angle widths as a function of kinetic energy, at ¢|2.| = 0
(open circles) and 100.0 (solid circles) in two cases, as labeled. The whistler spectrum with
the larger wave amplitude clearly leads to a broader strahl distribution at all energies.
Further, in both cases the strahl width becomes larger as the kinetic energy increases, as
demonstrated in Saito and Gary (2006).

Figure 8 shows the pitch-angle width with three energies, (vf + v7)/v? = 20 (open
triangles), 30 (open circles), and 40 (solid circles), as a function of initial wave energy.
The width at higher kinetic energies is broader than at lower energies; however, the
increase in width is not linear with the initial wave energy. To understand this effect, we
introduce the electron scattering factor ., derived in the Appendix.

Figure 9 shows electron scattering factors for three modes as functions of the parallel
velocity. This factor, which is important in determining the strength of the wave-particle
interaction, becomes broader and smaller as k increases and |v| decreases. Pitch-angle
scattering causes a decrease in the velocity, so that the electrons scattered into higher
pitch-angles interact with waves which have smaller scattering factors and wave ampli-

tudes. In addition the damping rates also increase with decreasing parallel velocity as
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shown in Figure 9. This means that the short wavelength modes have even smaller am-
plitudes and the scattering gets weaker as time increases. As a result, shorter wavelength
modes disappear before the electrons scattered from lower pitch-angles strongly interact
with those modes. Therefore, the scattering becomes weaker as the pitch-angle increases
and is not directly proportional to the initial fluctuation energy.

4.2.2. Strahl broadening as function of strahl density

This subsection describes results from three simulations in which the strahl density is
varied as ngs/n. = 0.03, 0.05, and 0.07. The dispersion relation varies with the strahl
density, so we derive the frequencies and damping rates for each run, and use it for the
initially imposed whistler fluctuations. For the three runs the total electron density n,
and halo density n;, are kept constant, but the core component n, is varied in order to
maintain a constant n.. We use a fixed initial wave energy |6B|>/B2 = 0.01.

Figure 10 shows electron velocity distributions at ¢|{2.| = 0.0 (left column) and 100.0
(right column) from runs with ns/n. = 0.03 (top) and ng/n. = 0.07 (bottom). The strahl
are clearly broadened in both cases, and at the higher energies most of the strahl electrons
are scattered and disappear into the halo. But at lower energies, in the higher density
case the strahl remains more clearly as a discernable, anisotropic component.

Figure 11 displays strahl pitch-angle widths from the simulations with ns/n, = 0.03
(left) and 0.07 (right) as functions of kinetic energy. As in Figure 7, the strahl distribution
after scattering (shown as solid circles) becomes broader with increasing kinetic energy.
Further, over all energies, the late-time pitch angle widths with n;/n. = 0.03 are larger
than those with ng/n, = 0.07. This relation is further illustrated in Figure 12 which

shows the relationship between strahl density and pitch angle width after scattering at

DRAFT December 7, 2006, 5:27pm DRAFT



273

274

275

276

278

279

280

281

282

283

284

285

286

287

288

289

290

292

293

294
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three energies: open triangles, open circles, and solid circles represent the pitch-angle
width with energies (vf + vy)/v? = 20, 30, and 40 respectively. At each energy, the
pitch-angle width increases with decreasing strahl density. This result is associated with
the scattering factor as shown in Figure 13. Open triangles, open circles, and solid circles
indicate the maximum value of the factor for each mode with n;/n. = 0.03, 0.05, and 0.07.
More tenuous strahl correspond to weaker damping rates, and therefore larger scattering
factors at resonance. Thus the strahls should be more strongly scattered at smaller relative

densities.

5. Conclusions

We have studied suprathermal electron responses to both a single whistler mode and
a broadband whistler spectrum by using particle-in-cell simulations in a homogeneous,
collisionless plasma. We have imposed whistler fluctuations at ¢t = 0 and self-consistently
computed the plasma response to demonstrate wave-particle scattering of strahl electrons
in the solar wind. In such a computation, the damping rate of each fluctuation is important
in the interpretation of the scattering. The electron scattering factor becomes broader in
velocity as the damping rate increases; as a consequence of this broadening, the electrons
are scattered away from the resonance condition defined by equation (1).

We have demonstrated broadening of strahl distributions by interaction with both a sin-
gle whistler wave and a broadband whistler fluctuation spectrum with k=3 dependence.
The cyclotron resonance condition implies that electrons with larger |v)|| resonate with
fluctuations of smaller kj; because the longer wavelength modes have larger wave am-
plitudes, there is stronger scattering at higher energies. Thus, strahl broadening with

increasing kinetic energy is a natural consequence of scattering by such a spectrum. We
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note that several observations of strahl pitch-angle distributions at 1AU which do not
show such broadening [Feldman et al., 1978; Lemons and Feldman, 1983; Hammond et
al., 1996] are limited to electron energies below 250eV. In contrast, some observations up
to kinetic energies of the order of 1 keV [Olgivie et al., 2000; Vocks et al., 2005; Pagel
et al., 2005, 2007] show strahl widths which increase with energy. Further, de Koning
et al. [2006, 2007] find that pitch-angle distributions become broader at higher kinetic
energies during some suprathermal electron bursts. Magnetic power spectra in the solar
wind have the almost universal property that they decrease in magnitude as the frequency
or wavenumber increase. Therefore, we hypothesize that, for sufficiently large kinetic en-
ergies, an increasing strahl width with increasing energy is a universal property of electron
distributions in the solar wind.

As the initial magnetic fluctuation energy in our simulations becomes larger, the strahl
pitch angle width becomes larger over all energies, but this broadening does not increase
in proportion to the wave energy. Both the wave spectrum and the damping rate con-
tribute to this trend. When the electrons are scattered, their parallel velocities decrease
with increasing pitch-angles. Then, these electrons successively interact with whistler
fluctuations with larger wavenumbers which have smaller scattering factors. Thereby the
scattering becomes weaker as the pitch-angle becomes larger. In addition, fluctuations
with larger wavenumbers have larger damping rates, so that the wave amplitude decreases
in time. Therefore, the damping effect also leads to the weakness of the scattering at high
pitch-angle.

The broadening process becomes more effective as the strahl density decreases. This

can be interpreted in terms of the electron scattering factor which develops a larger peak
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with decreasing strahl density due to the reduction in the damping rate. Thus the strahl
electrons are scattered more strongly as the strahl density decreases.

If fluctuation damping were neglected, as is done in same models, unpdamped waves
would continue to scatter the strahl electrons to smaller v| and resonances at larger k.
In this case, the maximum wavenumber of a power spectrum would determine the pitch-
angle widths at all energies. For instance, if the resonant velocity were nearly zero and
the model allowed enough time for scattering, strahl pitch-angles would almost reach 90
degrees independent of wave amplitude or strahl density. But this contradicts the results
of our simulations. So quasilinear theories that neglect damping provide a less complete
description of the scattering process, then do self-consistent calculations such as particle-
in-cell simulations.

Further simulations should address the important questions of how whistler scattering
might lead to the formation of the relatively isotropic halo component and whether such
scattering may contribute to electron acceleration. In particular, particle-in-cell simula-
tions could be used to study whether electron scattering by whistler fluctuations might
be the source of the anticorrelation between the anisotropy of the strahl component and

the plasma 3 observed by Crooker et al [2003].

6. Appendix: Electron scattering factor

Equation (1) describes the v of electrons which are in cyclotron resonance with a
fluctuations of a particular frequency and wavenumber. To obtain a rough estimate of
the strength of the resulting wave-particle interaction, we here derive what we call the

electron scattering factor.
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We consider an electric fluctuation E propagating parallel to the background magnetic

field B, = (B,,0,0) and an electron velocity v with helical motion,
E = (0,0Ee" cos(kx — wyt), —0Ee" sin(kx — w,t) 9)

v = (v)), —v1 cos(Qet + @), vy sin(Qt + @)) (10)

where dE and v (< 0) are an initial amplitude and a damping rate of the fluctuation. w,
and k are a real part of frequency and wavenumber parallel to the background magnetic
field. v and ¢ are constants, and we define the electron cyclotron frequency, €2, =

—@e.B,/mec. The electric field component along the velocity is

v-E

By = = —0Ee" cos(0t — ¢) (11)

vy

where 6 = kv) — w, — €),. From the equation of motion, the electron acceleration is

d'UL qe qe .
Gt T P = 0B - 12
dt ke meé e™ cos(0t — @) (12)
The solution of this equation is
Qe/YéE t 9 . 9 ‘
= 5 o 0t — - Ot — _ v 1
vy e (72 + 02 [e cos( ¢) + S sin( ®) cos(o) S sin(e) || + v 13)

We assume v 5 =~ 0 to consider scattering from relatively low initial energies, then

vOE
vy X N (14)
Therefore, the change of the electron kinetic energy in time is
d meuj Bo — 1 |5E]= (”7“)2 6B (15)
J— — BV . oX — N
dt 2 Gevi V2 + 62 V2 + 62 \ ke
where |0E| = (w/kc)|0B|. We define the electron scattering factor as
= = (&) 1o (10
O = -— .
72+ (kv — wp — Q)2 \kc
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This factor indicates the effectivity of the interaction of electrons and a whistler fluctuation
through the cyclotron resonance, and shows that the strength of the resonance becomes

broader in velocity but smaller as the damping rate increases.
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Table 1. Initial Fluctuation Parameters for Single Mode Runs.

Run kc/w, w/|€] ¢ G -
A 0.1534 0.02029 — 70.00000 —9.115 —2.856 —4.398
B 0.3068 0.05817 —10.01162 —4.425 —1.373 —1.690
C 0.4602 0.1532 —:0.08474 —2.686 —0.823 —0.686
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Figure 1. A schematic picture showing the relationship between whistler waves and strahl
electrons. The solid contour lines indicate the electron velocity distribution. The horizontal and
vertical axis are velocities parallel and perpendicular to the background magnetic field. The
positive and the negative direction parallel and antiparallel to the magnetic field direct sunward
and antisunward. The dashed circle surrounds the strahl component. The dotted and dashed
lines indicate the resonant velocity of the electrons with whistler waves at wavenumbers k; and

ki, and the phase speeds vy, o and vpp 1.

Figure 2. Linear theory results of whistler waves; dispersion and C;’ as functions of
the wavenumber. Here (n.,np,ns)/ne = (0.9,0.1,0.0) (left column) and (n.,ny,ng)/n. =

(0.85,0.1,0.05) (right column). Other parameters are as stated in section 3 of the text.

Figure 3. Simulation results for the initial single mode cases described in section 4.1. Electron
velocity distributions (v versus v,) of electrons at ¢|Q2.| = 0.0 (left column) and ¢|2.| = 100.0

(right column), for Run A (top), Run B (middle), and Run C(bottom).

Figure 4. Simulation results for the initial single mode cases described in section 4.1. The
normalized electron scattering factor is plotted as a function of parallel velocity normalized by
the core electron thermal velocity. The dotted, solid, and bold lines are for the imposed waves

in Runs A, B, and C, respectively. These values are normalized by the largest value in this plot.

Figure 5. Simulation results for the initial broadband spectrum cases described in section
4.2.1. Electron velocity distributions at ¢|Q2.| = 0 (left column) and 100.0 (right column), for the

runs with initial |§B|?/BZ = 0.005 (top) and 0.01 (bottom).
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Figure 6. Simulation results for the initial broadband spectrum cases described in section 4.2.1.
Wave spectra at t|<Q2.| = 0 (solid lines) and ¢|€2.| = 100 for four cases. The four different symbols
represent late-time results for initially imposed energy, [§B|?/Bg = 0.0025 (open triangles), 0.005
(solid triangles), 0.01 (open circles), and 0.02 (solid circles).

Figure 7. Simulation results for the initial broadband spectrum cases described in section 4.2.1.
Pitch angle width as a function of kinetic energy in two cases, initial |§B|?>/B2 = 0.005 (left),
and 0.01 (right). Open and solid circles denote the width at ¢|Q2.| = 0 and 100.0, respectively.
Figure 8.  Simulation results for the initial broadband spectrum cases described in section
4.2.1. Pitch angle width at ¢|€2.| = 100.0 as a function of whistler wave energy at three energies,
(vi] +vy)/vZ = 20 (open triangles), 30 (open circles), and 40 (solid circles).

Figure 9. The electron scattering factor for three modes selected from the simulations described
in section 4.2.1 as a function of the velocity parallel to the background magnetic field. These
values are normalized by the largest value in this plot.

Figure 10. Simulation results for the initial broadband spectrum cases described in section
4.2.2. Contour plots of electron velocity distributions at ¢|2.| = 0.0 (left column) and 100.0
(right column), with ng/n. = 0.03 (top) and ny/n. = 0.07 (bottom).

Figure 11. Simulation results for the initial broadband spectrum cases described in section
4.2.2. Pitch angle widths as functions of electron kinetic energy with ns/n. = 0.03 (left) and
ns/ne. = 0.07 (right) at ¢|Q2.| = 0 (open circles) and 100.0 (solid circles).

Figure 12. Simulation results for the initial broadband spectrum cases described in section
4.2.2. Pitch angle width as a function of strahl density. Open triangles, open circles, and
solid circles represent the width of the distributions at energies, (Uﬁ +v2)/v? = 20, 30, and 40

respectively.
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Figure 13. The electron scattering factors for each mode as a function of parallel velocity for
the simulations described in Section 4.2.2. Symbols are put at the maximum value of the factor
for each mode. Open triangles, open circles, and solid circles represent the maximum factors
with the strahl density, ns/n. = 0.03, 0.05, 0.07. These values are normalized by the largest

value in this plot.

DRAFT December 7, 2006, 5:27pm DRAFT



Antisunward Sunward

Figure 1



(n,.nn)/n, = (09,0.1,0.0) (n,.myn)/n, = (0.85,0.1,0.05)
0.4

03

w/182, |

0.1

6 | Le 1 | | | [ L | | | ! |
01 02 03 04 05 0.6 07 01 02 03 04 05 06 07

kelm, kelw,

Figure 2



100.0

182,

0.0

182,

T

I

_
o0

[

v

v

c

1%

1%

Figure 3



-12 -10

14

AS

Figure 4



i B L et st

220

2y

- ——— =

0B

B e

Q-

Figure 5



2
BB,I normalized by a maximum value

1 E [ [ ' 1 " 1 1]
0.1F -
0.01 | =
0.001 | ! | A ) 1 H
0.2 0.3 0.4 0.5 0.6 0.7

ck /o,

Figure 6



PAW

o
?
@
®
®

]

Figure 7

PAW




PAW

l L I L | ! I L u
0.000 0.005 0.010 0.015 0.020

8B* | B,

Figure 8



Q.

€
1 . -
3 1 19, E-0.0077 | E
N ;
0.1k VY1, E-00783 10 L -0.0879 -
i ,'r I'|I E
001

0.001 £

Figure 9



v, v,

v, /v,

Figure 10



ool n,/n, =003

| n,/n, =007

EL L | L | L | L ] o L | L | L | L |
20 25 30 35 40 20 25 30 35 40
v + vj) /v? (vi + vj) /v?
Figure 11
110F
90
701

PAW

30-‘ h\e\A

10

' | 1 | 1 |
0.03 0.05 0.07

ndn,

Figure 12



0.01

Figure 13

i 7

H I | I | | | | | +

7 6 5 4 3 2
v, /v,





